Abstract: A motor neural prosthesis based on surface functional electrical stimulation (sFES) can restore functional movement (e.g., standing, walking) in patients with a spinal cord injury (SCI). sFES generates muscle contractions in antigravity muscles and allows balance-assisted standing. This induced standing has several benefits, such as improved cardiovascular function, decreased incidence of urinary infections, reduced joint contractures, and muscle atrophy. The duration of sFES assisted standing is limited due to the quick onset of muscle fatigue. Currently, there is no method available to reliably estimate real-time muscle fatigue during sFES. Simply monitoring the M-wave changes is not suitable due to the high signal disturbances that arise during multi-channel electrical stimulation. Mechanomyography (MMG) is immune to electrical stimulation artifacts and can be used to detect subtle vibrations on the surface of the skin related to activation of the underlying muscle's motor units (MU). The aim of this study was to develop a method for detecting muscle fatigue brought on by sFES. The method was tested in three different heads of the quadriceps muscle in SCI patients during electrically elicited quasiisometric contraction. Six spinal cord-injured male volunteers, with no voluntary control of the quadriceps muscle participated in the study. Electrical bursts of voltagecontrolled monophasic square pulses at frequencies of 1 kHz (50% duty cycle) at 50 Hz (15% duty cycle) were used to generate thigh muscle contractions that controlled the knee joint in the sagittal plane. The pulse amplitudes were set to position the knee joint at a 58 angle from the horizontal plane and when the knee angle dropped to 208 (e.g., the quadriceps were unable to hold the lower leg in the desired position), the test was terminated. Two data segments lasting 10 s each, at the beginning and end of each test, were analyzed. The muscle contraction was assessed by MMG sensors positioned on the rectus femoris, vastus lateralis, and vastus medialis muscles. Data segments were decomposed into 11 frequency bands using a Cauchy wavelet transform. In the initial time interval (non-fatigued muscle), the power peak was concentrated in the 11.31 Hz frequency band. In the final interval (muscle fatigued) this peak shifted to lower frequencies (2 and 6 Hz frequency bands). The decreased frequency was most prominent during the last 4 s of the recordings. It was shown that MMG could be used as a real-time indicator of muscle fatigue during FES-induced isometric contraction of quadriceps; hence, MMG could be used in closed-loop control as a fatigue detector. Subsequent studies for non-isometric contractions could possibly lead to prediction of muscle fatigue before contractile failure during functional use of the muscle. -
use of FES for the restoration of standing and walking is the induced muscle fatigue. The rapid onset of muscle fatigue during FES occurs due to the nonphysiological activation of muscle fibers (12) (13) (14) (15) . Various attempts have been carried out to reduce FES-induced fatigue, such as modulation of the stimulation parameters (13, (16) (17) (18) or switching of stimulation pulses over multiple motor points of the same muscle at lower frequencies (19, 20) . For switching control, real-time wearable systems for monitoring the fatigue level are required.
It is most convenient to monitor muscle fatigue during isometric contraction with force/torque transducers (21) or an electrogoniometer (22) . However, measurable force or movement is the result of simultaneous activation of multiple synergistic muscles and does not represent the activity level of a single muscle accurately. Electromyography (EMG) is correlated with the muscle force, thus surface recordings of the EMG is an appealing alternative to the measurement of the force, especially in the case of motion. However, when high FES amplitudes are required (e.g., for standing and walking, pulse voltage higher than 150 V or pulse current >100 mA) EMG recordings become highly contaminated with stimulation artifacts, and as such are not suitable for real-time detection of muscle fatigue. Typical applications include: (a) in SCI patients, EMG can only be used to assess the decrease of M wave intensity as an indicator of muscle fatigue (23, 24) because there is no voluntary activation of the muscles; (b) during multi-channel FES with equidistant bursts (e.g., four channels set to 16 Hz each (25) ) and high pulse amplitudes, EMG signals become contaminated with stimulation artifacts on approximately 15 ms; (c) the onset of a M wave appears between 0 and 10 ms after a stimulation pulse (for distances up to 40 mm between stimulating and recording electrodes) and it lasts approximately 5-10 ms (26); (d) according to Chesler and Durfee (23) and Mizrahi et al. (24) , EMG blanking procedures for artifact removal lead to the loss of useful signal for a duration of approximately 5-10 ms after each stimulation pulse (or burst). From a-d, it is clear that EMG cannot be used as a fatigue indicator during multi-channel distributed stimulation, which was shown to be highly beneficial for the reduction of muscle fatigue (19, 25, 27) . Therefore, there is no currently available method for reliable real-time monitoring of paralyzed muscle fatigue during FES in the form of a wearable device. However, when using a lower extremity neural prosthesis, online monitoring of muscle fatigue and a real-time alert of fatigue development is essential for preventing falls during standing and walking due to a sudden contractile failure of the muscle (28) (29) (30) . Both therapists and patients would benefit from such a monitor, which could allow them to safely optimize training or use of FES for ambulation.
One feasible way to acquire the muscle activity when using FES is mechanomyography (MMG). MMG is a technique used to measure mechanical vibrations of muscles during a contraction. MMG is a mechanical signal and, therefore, not contaminated by electrical signals from FES (31) . Several studies have already investigated the applicability of MMG for the assessment of muscle fatigue (32, 33) , mainly from studying the decrease in median frequency (MF) of the power spectral density (PSD) and the increase of the root mean square signal amplitude (RMS). However, nearly all of these studies were conducted in healthy volunteers and without electrical stimulation (34) (35) (36) . As an exception, Decker et al. (37) used MMG to assess muscle fatigue in SCI patients during FES cycling and showed the opposite trend of RMS amplitudes. The differences are expected because of the differences in motor unit (MU) recruitment strategies in the case of physiologically and electrically elicited contractions (38) , as well as the inability of the paralyzed muscle to activate additional muscle fibers throughout fatigue development. We hypothesized that subtle vibrations on the surface of the skin were related to the activation of the underlying muscle fibers and that both frequency and amplitude will decrease with advancing fatigue due to the electrically elicited contraction of the completely paralyzed muscle.
The Cauchy wavelet transform (CaW) (39), based on continuous wavelet transform, originally developed for the analysis of electromyographic signals, may be used with the MMG technique after adjustments in the time and frequency resolution (40) . As such, CaW appears to be suitable for analysis of the MMG signal during FES application to a SCI subject, making it an important analysis tool because it can track frequency variations during neuromuscular physiological changes with higher fidelity than with FFT or classic CWT using linearly scaled wavelets (41) .
The goal of this study was to investigate fatigue properties of the quadriceps muscle (superficial group) in paraplegics during exhaustive quasi-isometric contraction elicited by FES, using the Cauchy wavelet transform of MMG signals.
SUBJECTS AND METHODS

Subjects
The Table 1 . Only patients with complete motor dysfunction below the lesion level were included (ASIA A and B). The exclusion criteria were: participants classified as ASIA C, D, or E, cancer in the lower limb (stimulated area), participants who have been submitted to X-ray examination in the last 2 weeks (aversion), those having implanted devices in the stimulated limb, or those with a cognitive impairment. One subject was excluded due to sensibility intolerance during FES application.
During the clinical study, the subjects did not use any medication that would change their motor condition or reduce spasticity. The ASIA A volunteers did not show the zone of partial preservation and all of them were classified as level "0" in the quadriceps muscles (no voluntary contraction). Reflex assessment results were as follows: the third volunteer performed as level "0" (no reflex) while the others were graded as "1" (reduced reflex) or "2" (normal reflex) at both sides (N 5 12, lower limbs). The subjects were not previously trained with FES.
A flowchart of the experimental protocol is shown in Fig. 1 .
Electrical stimulation parameters
The voltage-controlled electrical stimulator delivered monophasic square pulses with adjustable amplitude. The pulse frequency was set at 1 kHz (50% duty cycle) with a burst frequency of 50 Hz (3 ms active burst duration and 17 ms with no activity, i.e., 15% duty cycle) as illustrated in Fig. 2 . This type of stimulation, usually referred to as Russian Stimulation, showed several benefits compared with typical FES stimulation, in that higher training rate of the muscles with more comfort is achieved. Typical burst frequency usually described in the literature was 50 Hz, and carrier frequency of 1 kHz produced the highest torques and less fatigue but less comfort than 10 kHz carrier (42) (this is important only when applied to subjects with preserved sensory function). The existing literature indicates that no optimal duty cycle for carrier frequency has Car accident T4(C) 29 A C: complete; I: incomplete; ASIA: American Spinal Injury Association impairment scale (A-E).
FIG. 1.
Flowchart with the steps of the protocol.
FIG. 2. Electrical stimulation parameters and waveform profile.
High-frequency pulses (1 kHz) were modulated in bursts at lowfrequency (50 Hz). The pulse intensity can be set between 0 and 250 V. [Color figure can be viewed at wileyonlinelibrary.com] been established; however, there are several implications that the duty cycle less than 20% leads to optimum torque production with less electrical charge delivered to the tissue (43) , and therefore, less fatigue or possibility of tissue damage.
The protocol was performed on different limbs on different days (at least 2 days apart) with the limb (right or left) selected randomly on the first day. Self-adhesive electrodes of two different sizes were positioned on the thigh over the knee (5 3 9 cm anode) and over the femoral triangle (5 3 5 cm cathode) to stimulate the quadriceps muscles via the femoral nerve (44) .
Sensors and data acquisition
The developed MMG virtual instrumentation used a Freescale MMA7260Q MEMS triaxial accelerometer (13 3 18 mm, 0.94 g) with sensitivity set to 800 mV/g. Only the X-axis was used to register the lateral (transverse) displacement of the muscle belly. The electronic circuits provided 103 amplification. A LabVIEW interface was created to acquire and visualize MMG signals. The acquisition system included a DT300 series Data Translation board operating at a 1 kHz sampling rate. A customized electrogoniometer was used to register the knee angle.
Transducer placement
After preparing the skin by means of trichotomy and cleaning, MMG sensors were positioned over the quadriceps muscle bellies-rectus femoris (RF), vastus lateralis (VL), and vastus medialis (VM)-using double-sided adhesive tape. The sensor placed on the RF was equidistant between the anterosuperior iliac spine and top of the patella. The sensor over the VL was equidistant between the greater trochanter and the lateral condyle of the femur, while the sensor over the VM was placed in the medial third distal thigh region. The electrogoniometer was fixed (with elastic bands) laterally to the knee joint axis (lateral epicondyle). Figure 3 shows the positions of sensors and electrodes.
Experimental protocol
During the measurements, temperature and humidity were 20.4 6 3.18C and 61.1 6 4.9% (mean 6 SD), respectively. The volunteers were seated comfortably with the hip angle flexed at approximately 708 with their thigh resting on the bench. After attaching electrodes on the limb, subthreshold motor electrical stimuli were applied during a 10-min session. Subsequent repetitions of rising, plateau and decay phases (10 s each) were applied to increase the neural excitability (45) and balance the skin-electrode impedance (46) before measuring the fatigue. The maximum knee extension (passive movement) was defined as the knee angle of 08. The initial knee joint flexion was 308. The FES intensity was increased to reach and keep the knee joint angle around 58 (Fig. 3) . The 58 angular position was chosen to avoid maximum extension to keep track of the force produced by quadriceps opposed to gravity. The stimulation generated the knee joint torque to compensate gravity of the shank and foot. When the knee joint angle exceeded 208 for at least 5 s, the measurement was terminated (fatigued muscle). The moment when the knee exceeded 208 was considered as the end of the protocol.
Data processing and analysis
MMG signals were processed with a third order Butterworth pass-band filter in the range from 5 to 100 Hz. Two segments were selected from each MMG signal for further analysis. The initial segment (non-fatigued) was defined as the 4 s duration signal after the transient signal that followed the onset of FES (movement artifact due to knee extension). The final segment (fatigued) started 7 s and ended 3 s before the end of the protocol (knee joint angle greater than 208), as illustrated in Fig. 4 . The initial and final segments were visualized and 
Statistical analysis
The statistics were calculated with the software PASW Statistics version 18. Due to the small sample size, non-parametric statistics was applied. The Wilcoxon signed-rank test was used to verify the difference between the CaW frequencies power in the initial and final segment. When P value was lower than 0.05, the result was considered statistically significant. Standard deviation or interquartile ranges were used to show the variations among results. Effect size (d) was calculated (47) for all data.
RESULTS
The maximum FES pulse intensity required to keep the knee joint flexed at 58 in each FES profile was: 187.33 6 50.36 V (mean 6 SD for peak amplitude). The knee joint angle in initial and final instants was 5.98 6 4.718 (mean 6 SD) and 19.95 6 2.318 (mean 6 SD), respectively. The interval between the initial and final segment was 82.94 6 43.22 s (mean 6 SD).
Figures 5-7 illustrate the bidimensional MMG time-frequency responses calculated from nonnormalized and normalized data from the RF, VL, and VM, respectively. In the color bars, dark red represents the maximal output amplitudes (for each sensor) and white the amplitudes lower than 10% of the maximal output. In the non-normalized data graphs it is clear that MMG frequency content during FES application is always below 60 Hz; therefore, the MMG signal was not affected by the 60 Hz of the electrical network.
In the initial segment (non-fatigued), the greatest power (peak) was at approximately 11 Hz. In the final segment (fatigued), the power peaks were located at pseudo-frequencies of 2 and 6 Hz, mainly during the last seconds of recordings (7th, 8th, 9th, and 10th). The box plot representations of different frequency bands in both data segments are shown in Figs. 8 and 9 . Figure 10 shows the results of the Wilcoxon signed-rank test for each CaW frequency band between the initial and final segments and the effect size for each of them. There were statistically significant differences in all muscles for the frequency bands involving 28 and 51 Hz (50 Hz modulated-frequency). There is insufficient statistical significance to prove the consistence of energy shift to lower frequencies in the fatigue instant, possibly due to large interquartile deviation values in Figs. 8 and 9 .
DISCUSSION
According to the literature, for isometric contraction motor unit firing rates range from 20 to 50 Hz approximately. Within this bandwidth, slow fibers contract at lower and fast fibers at higher frequencies (48) . According to Bellemare et al., volitional contraction at 50 Hz approaches the maximum physiologic capacity of motor unit contraction. When FES burst (modulated) frequency is set to 50 Hz there is an expected energy concentration at the applied frequency band (around 51 Hz). However, when the muscle is non-fatigued, our results suggest that there is a peak energy concentration at 11 Hz. Nashmi and Fehlings' study (49) with spinal cord injured rats showed that there is a decrease in axon's diameter and myelination ratio in the ventral column (motoneurons locus), resulting in slower conduction velocity and a longer refractory period. Assuming that such changes occur in humans, it is hypothesized that the greatest energy around 11 Hz observed in the three MMG sensors during FES burst frequency at 50 Hz may be related to motoneuron inability to deliver such frequency to the muscle cell, even in the case of the fastest motor unit neuron in the body (quadriceps muscle).
In the final observation segment (fatigued muscle), there is an increase in energy concentration at lower frequencies (2 and 6 Hz) mainly during the last 4 s of the protocol recordings. These results are in accordance with Vaz et al. (50) who studied muscle fatigue with MMG in able-bodied volunteers and concluded that the increase of low-frequency energies is associated with the tremor that typically occurs toward the end of exhausting isometric contractions. Moreover, SCI people reach muscle fatigue much more rapidly than able-bodied people as found by Gerrits et al. (21) , but with the same MMG response tendency when muscle fatigue develops.
The results indicated that after approximately 82.94 6 43.22 s of FES application in SCI subjects, the MMG peak energy concentration shifted toward low frequencies, mainly below 11 Hz. This frequency shift coincided with the inability of FES to keep the knee joint angle at 58; therefore, the frequency shift toward lower frequencies was a clear indication of muscle fatigue. According to Bigland-Ritchie and Woods (51), muscle fatigue is any reduction in the force generating capacity of the total neuromuscular system regardless of the force required in any given situation. Moreover, the decrease in MMG frequency (32, 52) can occur due to the motoneuron adaptation (53) , that is, there is an increase in the depolarization threshold in response to constant stimulus (54) . This biophysical event occurs through Na 1 channels inactivation (55, 56) , which characterizes motoneuron adaptation during the prolonged application of electrical stimulation (13) . Another possible reason is the motor unit coherence (57) , that is, motor units contract in the phase leading to the shift of energy to lower frequency bands. Physiologically, it can occur when the vibration frequencies of contracting myofibers are the same or very close (i.e., below 11 Hz).
The increase in RMS values in frequency bands of 2 and 6 Hz are in contrast with our initial hypothesis that signal RMS amplitude should decrease with developing fatigue because there is no possibility for recruitment of new motor units in the paralyzed muscle stimulated with constant pulse intensities. However, total power in all frequency bands decreased from RF INI of motor unit coherence, where some MUs cease firing and others start firing in phase.
CONCLUSION
The Cauchy wavelet transform of MMG recordings from non-fatigued quadriceps muscle in SCI volunteers during sustained quasi-isometric contraction induced by FES (1 kHz frequency pulses, 3 ms-active cycle, and burst frequency of 50 Hz) revealed the highest energy concentration in the frequency band of 11 Hz. A possible reason may be the change in axonal physiology and morphology after a spinal cord injury, such as diameter axon reduction and the reduction in the firing rate. Muscle fatigue was monitored by an electrogoniometer, and the fatigue instant was defined as the moment when the knee angle increased from the initial 58 to more than 208 of flexion. MMG wavelet analysis revealed an abrupt shift of energy concentration toward lower frequency bands (i.e., 2 and 6 Hz) several seconds before the contractile failure of the muscle due to fatigue. These findings show that MMG can be used as a real-time indicator of muscle fatigue during FES because: (i) MMG is immune to EMI induced by FES, (ii) a sudden change of the dominant frequency band several seconds before the contractile muscle failure leaves enough time to alarm the user and avoid disastrous consequences. Currently, there is no reliable and robust wearable sensor and method for muscle fatigue detection in paralyzed muscles during activity induced by neural prostheses. Our findings suggest that MMG can be used for fatigue detection in FES closed-loop systems for standing and walking (28) (29) (30) 58 ) as a safety alarm for prevention of falls, or in other closed-loop FES systems as a form of biofeedback. More investigation is required to confirm the similar findings in case of non-isometric contractions and test algorithm efficacy in the case of significant motion artifacts which are also located in lower frequency bands. Further studies are required applying different FES parameters and electrodes placements. The precise allocation of dominant frequencies in 11 Hz and 2-6 Hz frequency bands in our results was consistent in the entire SCI group included in the experimental essay. In a recent study (Papcke et al., in submission process) we proved that the MMG dominant frequency is not affected by FES frequency (20, 25, 30, 35, 40, 45, 50, 75 , and 100 Hz) when other stimulation parameters are defined as described in the methods section. In case of conventional biphasic stimulation (non-Russian Stimulation mode), the dominant frequency band may not be 11 Hz; however, there is a strong evidence from other studies, as well from our conducted additionally, unpublished study, for energy shift from higher to lower frequencies. Proper positioning of the sensors is important for observing of particular muscle behavior. As adhesive tape is not feasible for fixing sensors in daily practice, the sensor can be incorporated in elastic strap or a piece of tight clothing without impeding the measurements. Moreover, a grid of accelerometers in a garment positioned over the quadriceps may be a feasible solution that can release the user from restrictions in sensor positioning. Finally, MMG might find a purpose in studies for automated assessment of the recruitment parameters, such as stimulation thresholds, or useful ranges for stimulation frequency. It could be used for online modification of stimulation parameters to maintain fusion contraction with minimal applied stimulation frequency, for example, only when the shift toward lower frequencies is detected from MMG the stimulation frequency and/or amplitude should be increased.
